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Vascularized whole organ discordant xenografts placed in the
periphery are rejected by a rapid “hyperacute” process that
involves preformed antibody binding to the xeno-antigens on
the donor endothelial cells with complement activation. In the
CNS, xenografts are classically thought to be rejected more
slowly by a T-cell-dependent process. We now report that
xenografts of embryonic porcine ventral mesencephalic tissue
in the 6-hydroxydopamine-lesioned, nonimmunosuppressed
rat induce both a humoral and a cell-mediated response. Over
the first 10 d after implantation, the xenografts matured with
identifiable TH neurons and pig-specific neurofilament fibers
extending along host white matter tracts. During this period of
time, IgM and complement binding were observed within the
graft, as well as a CD8 cellular infiltrate, leading to rejection of
the transplant over the next 25 d. These intracerebral xeno-

grafts were not associated with an early systemic antibody
response. A role for complement in this rejection process was
further investigated using cobra venom factor (CVF), which
systemically depleted the rats of complement for 7 d. CVF
treatment, when given in the period immediately before and
after grafting, delayed but did not prevent the cellular immune
response induced by the graft, demonstrating that xenografted
neural tissue can activate the humoral arm of the rejection
process, in particular the complement cascade. This suggests
that interventions targeting this aspect of the immune rejection
process may be of great importance for the future development
of xenotransplantation for neurodegenerative conditions.
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Allotransplantation of embryonic neural tissue into the diseased
CNS has now passed from the experimental stage into clinical
trials, at least with respect to Parkinson’s disease (PD) and, more
recently, Huntington’s disease (HD) (Lindvall, 1997; Kopyov et
al.,, 1998). In PD it is now well established that good clinical
results can be obtained (Widner, 1998; Fahn et al., 1999), which
correlates with fluorodopa uptake on PET scans (Martin and
Perlmutter, 1994; Wenning et al., 1997) and dopaminergic cell
survival within the grafts in those that have come to postmortem
(Kordower et al., 1998). Despite this success, a number of fun-
damental difficulties remain with the use of fetal human allo-
grafts, including ethical and practical limitations on the supply of
suitable donor tissues in sufficient quantity. As a consequence,
alternative sources of cells have been sought, including the use of
embryonic neural tissue from other species, most notably pig.
The use of porcine tissue offers a number of attractions, in-
cluding the ease of supply and the possibility that xenotrans-
planted tissue, as opposed to allotransplanted tissue, may have a
greater potential for sending axons into the host brain (Wictorin
et al., 1992). However, porcine tissue poses potential problems of
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zoonotic infection (for review, see Weiss, 1999), as well as its
rejection, even in the relatively immunologically privileged site of
the CNS (Isacson and Breakefield, 1997; Larsson et al., 1999).
Indeed, these issues currently represent the two major obstacles
to the widespread adoption of this tissue in a clinical program of
neural transplantation.

Vascularized whole organ xenografts (e.g., pig to primate)
when placed in the periphery are rejected within minutes by a
hyperacute antibody-directed complement-mediated process
(Auchincloss and Sachs, 1998). In contrast, cell suspension xeno-
grafts placed in the periphery (e.g., porcine pancreatic islet cells)
evoke a combination of T- and B-cell-mediated processes that
result in the grafts being lost over the course of days to weeks
(Marchietti et al., 1996; Mirenda et al., 1997; Oberholzer et al.,
1999). In the case of neural xenografts placed in the CNS, a T-cell
response has been documented that in the majority of cases leads
to rejection of the tissue over the ensuing 3—4 weeks (for review,
see Sloan et al., 1991; Pakzaban and Isacson, 1994). This rejection
can be abrogated, although not always abolished, by the use of
cyclosporin A (CyA) as well as other more broadly targeted
immunosuppressive regimes (Finsen et al., 1988; Brundin et al.,
1989; Honey et al., 1990; Pedersen et al., 1995; Wood et al., 1996).
This suggests that the rejection process may not be solely a
T-cell-mediated phenomena, and indirect evidence for this comes
from earlier studies (Brundin et al., 1989; Finsen et al., 1990;
Duan et al.,, 1995) as well as more recent in vitro and grafting
studies using immunoglobulin knockout mice (Deacon et al.,
1998; Larsson et al., 1999; Sumitran et al., 1999).

We therefore undertook a series of studies to explicitly address
the relative role of humoral and cellular rejection processes with
neural porcine xenografts placed in the adult mammalian CNS.
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MATERIALS AND METHODS

All experiments were conducted under the regulatory control of the UK
Animals (Scientific Procedures) Act, 1986 and associated codes of
conduct.

Animals

Fifty-four, 8, and 20 female Sprague Dawley rats (Interfauna, Hunting-
don, UK) weighing 180-200 gm at the start of the experiment were used
in experiments 1, 2, and 3, respectively. The animals were housed in
groups of six rats per cage under natural light/dark cycle and with free
access to food and water.

Lesions

Animals in experiments 1 and 3 received a unilateral 6-hydroxydopamine
(6-OHDA) lesion of the right nigrostriatal bundle performed under
halothane anesthesia, as described previously (Barker et al., 1995).
Briefly, 8 ug/2 ul 6-OHDA HBr in 0.1% ascorbate/saline was injected
stereotactically under halothane anesthesia into the right nigrostriatal
bundle at coordinates anterior to bregma (A) —4.4 mm, lateral to bregma
(L) —0.9 mm, and vertical below dura (V) —7.8 mm with the nose bar set
2.3 mm below the interaural line. Injections were delivered over 4 min
with a 30 gauge stainless steel cannulae, and an additional 2 min was
allowed for diffusion before the needle was withdrawn and the wound
sutured.

Drug-induced rotation

Two weeks after receiving the 6-OHDA lesion, the rats were tested in
automated rotometer bowls modeled after Ungerstedt and Arbuthnott
(1970). Met-amphetamine sulfate (Sigma, St. Louis, MO; 2.5
mg - kg ' - ml ! 0.9% saline) was injected intraperitoneally, and rotation
was monitored over a period of 90 min. This was repeated twice for all
animals. All animals with rotational scores of greater than five turns per
minute under met-amphetamine were regarded as having good lesions
and were allocated to the control or experimental group in a counter-
balanced order.
Grafted rats were retested at 10, 21, and 35 d after implantation.

Preparation of the embryonic ventral mesencephalic grafts

The preparation of the porcine ventral mesencephalic (VM) tissue was
similar to that described for in vitro studies (Barker et al., 1999). Briefly,
the VM was dissected from a single litter of E25 porcine tissue [crown-
rump length (CRL) = 16.5 mm] under sterile conditions in 0.1 M PBS, pH
7.4, with 0.6% glucose and pooled. The tissue was placed into a 1.5 ml
Eppendorf and incubated in 0.05% bovine trypsin (Worthington/Coo-
per, Cambridge BioScience) for 15-20 min at 37°C. DNase (0.001%)
(Sigma) was added, and the whole preparation was spun at 100 X g for 2
min. After centrifugation, the supernatant was removed, and 1 ml of a
50:50 mix of triturating solution [containing 1 mg bovine serum albumin
(BSA), 10 mg DNase, and 0.5 mg soybean trypsin inhibitor (Sigma) per
ml PBS] and culture medium [containing 80% DMEM (Imperial Lab),
20% fetal calf serum (Flow), and penicillin, streptomycin, and fungizone
(Sigma)] was added. The tissue was triturated with 10-15 passages
through a flame-polished Pasteur pipette, and a viability count was
performed using trypan blue. The whole preparation was then recentri-
fuged to give a final volume of 1 VM/4 ul of suspension, with a cell
density of 200,000 cells per microliter and a viability of 99% in experi-
ment 1. In experiment 2, one embryonic day 28 (E28) litter was used with
a cell density of 500,000 cells per microliter and a viability of 91%. In
experiment 3, three E25 litters were used with a cell density of 500,000
cells per microliter and a viability of 99, 97, and 88%, respectively, for the
three separate suspensions that were grafted.

The preparation of the rat ventral mesencephalic tissue for control
isografting in experiment 1 was similar to that described previously
(Barker et al., 1995) and used a single E14 litter (CRL 12 mm) of the
same Sprague Dawley strain as the recipients. In summary, the VM was
dissected free from the rest of the CNS and meninges and prepared in
identical fashion to the porcine tissue, with a density 77,000 cells per
microliter and a viability of 91%.

Graft implantation

Experiment 1. Twenty rats received E25 porcine VM xenografts, 16 rats
received E14 rat VM isografts, and 6 rats had 6-OHDA lesions only. An
additional 12 animals, without any 6-OHDA lesions, received sham
grafts of 2 ul of HBSS. Eight of the isografted animals also received
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sham grafts of HBSS in the contralateral non-dopamine deafferented
striatum (see Fig. 1).

Under halothane anesthesia, each 6-OHDA-lesioned animal received

a stereotaxic injection of the suspension as a single 2 ul deposit into the
dopamine deafferented striatum at coordinates A +0.6 mm, L —2.4 mm,
and V —4.5 mm with the incisor bar set 2.3 mm below the interaural line.
The sham-grafted animals received an identical volume of HBSS into the
right striatum at these same coordinates, with the isografted animals
receiving sham grafts of HBSS at the same coordinates, except that it was
placed at L +2.4 mm. Each deposit was made with a 23 gauge needle at
the rate of 1 pl/min, with a 3 min diffusion time at the end of the graft
placement with the needle left in the grafted site.
Experiment 2. The level of antibody response to porcine embryonic
neural tissue and blood was ascertained in a separate experiment. Rats
received either intrastriatal grafts of pig lymphocytes or embryonic E28
VM tissue (n = 4 per group), and these were performed as detailed in
experiment 1.

The pig lymphocytes were separated using a standard procedure. In
essence, 10 ml of blood was diluted with an equal volume of HBSS at
room temperature, then layered onto an equal volume of Ficoll (His-
topaque 1077; Sigma) using a 10 ml plastic pipette, and centrifuged at
2600 rpm at room temperature for 30 min with no brake. The mononu-
clear cells from the interface were then placed into a 50 ml centrifuge
tube that was then diluted with 50 ml of cold HBSS and centrifuged at
2200 rpm at 4°C for 15 min with the brake on. The pellet was resus-
pended in 1 ml cold HBSS and then made up to 30 ml with more cold
HBSS and centrifuged at 2000 rpm for 10 min at 4°C. The final cell
suspension was made up to a density of 500,000 cells/2 ul with a viability
of 79%.

Experiment 3. Twenty rats received intrastriatal grafts of E25 porcine
VM tissue as described for experiment 1. Half of these animals then
received cobra venom factor as detailed below.

Systemic antibody responses

To assess the extent to which the neural xenograft induced a systemic
antibody response, serum was obtained from all animals before implan-
tation of either porcine neural tissue or lymphocytes and at 5 and 10 d
after implantation. The serum was obtained by tail-bleeding the rat and
collecting no more than 1 ml of blood, which was then allowed to clot and
was centrifuged at 14,000 rpm for 15 min. The serum was then withdrawn
and stored immediately at —70°C.

The serum from the rats was then tested for an antibody response using
both measurements of anti-pig hemolytic antibodies and total IgMk
concentrations in the sera.

Measurement of anti-pig hemolytic antibodies. Complement fixation test
diluent (CFD) tablets (Oxoid) were made up by dissolving one tablet in
100 ml of distilled water. Fresh pig blood (2 ml, collected in lithium—
heparin Sarstedt monovette tubes) was then placed in a universal con-
tainer and made up to 20 ml with CFD and spun at 750 X g for 6 min at
4°C. The supernatant was discarded, and the washing procedure was
repeated twice. One milliliter of the washed pig blood cells (PRBCs) was
added to an Eppendorf tube and spun in a microcentrifuge at 17,000 X
g for 2 min, after which the supernatant was removed and 100 ul PRBCs
was added to 9.9 ml CFD to make a 1:100 solution.

Aliquots (45 ul) of the sera samples [including normal rat sera control
(NRS); Sigma] were heat-inactivated (30 min at 56°C), and the sera were
diluted with 180 ul CFD to make a 1:5 stock. CFD (50 wl) was added to
wells in columns 2-10 of a 96-well, rigid v-bottom plate (Sterilin 612V96)
with all serum samples being run in duplicate, along rows. Fifty micro-
liters of the sera from the 1:5 stock solution were added to wells in
column 1 and 2, and the sera was serially diluted from columns 2-10, with
the last 50 ul being discarded. CFD (50 ul) was added to two wells for
complement control, and 100 wl dH,0 was added to two wells for positive
control. PRBC (50 ul) was then added to all wells, followed by 50 ul baby
rabbit complement, with the exception of the positive controls [(Serotec)
which was made up by reconstitution with 1 ml distilled water to which
was then added 9 ml CFD for a 1:90 dilution]. Plates were incubated for
1 hr in an orbital incubator at 37°C after which it was spun at 500 X g for
10 min at 4°C. Supernatant (100 wl) was then transferred to a 96-well,
flat-bottom flexible plate (Falcon 3912) and read at 420 nm on Dynex
plate reader.

The mean and SD of the data were calculated, and the mean optical
densities were plotted with the area under the curve being calculated and
standardized to NRS equaling 1000.

Method for measuring IgMk in rat sera. Flat-bottomed, 96-well flexible
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plates (Falcon 3912) were coated with 10 pg/ml mouse anti-rat IgM
(Clone MARM-4; Biosource, Camarillo, CA) in bicarbonate/carbonate
coating buffer and incubated at 4°C overnight. The plate was then washed
three times with 0.1% Tween/PBS and blocked with 200 ul per well of
5% skimmed milk (Marvel) in PBS at 37°C for 2 hr. The plate was then
washed with 0.1% Tween/PBS, and the rat sera samples and standards
were added at 100 ul per well and run in duplicate. Rat IgM«k standards
(Serotec) were run at 2500, 625, 156.3, 39.1, 9.8, 2.4, 0.6, and 0 ng/ml with
normal rat sera samples run at two dilutions, 1:25,000 and 1:50,000, and
rat test samples run at 1:25,000. The plates were incubated at 37°C for 2
hr and washed three times with 0.1% Tween/PBS. One hundred micro-
liters per well of mouse anti-rat k-chain HRP (Clone MARK-1; Bio-
source) at 500 ng/ml was added and incubated at 37°C for 2 hr and then
washed three times with 0.1% Tween/PBS; 200 ul per well of Sigma fast
(Sigma) was added, and plates were incubated at room temperature for
30 min in the dark. Plates were read at 450 nm using Dynex plate reader,
and concentrations were automatically calculated from the standard
curve.

Decomplementation

Decomplementation was achieved using CVF because it is known to
activate complement and leads to its consumption and thus depletion
(Vogel, 1992). To evaluate the efficacy of CVF in depleting complement
activity in the Sprague Dawley rat, four control rats without lesions or
grafts were treated with CVF (Imutran Limited, Cambridge, UK) over
a 12 d period. The rats were venesected through their tails before and 1,
5, 6,7, 8,9, and 11 d into this regimen of CVF administration, and
complement hemolytic activity was assayed in serum samples (CH50
assay) using sheep erythrocytes sensitized with monoclonal anti-sheep
IgM antibody (Harrison and Lachman, 1986).

In experiment 3, rats receiving CVF were divided into two groups.
One group received no CVF, whereas the other received a 500 ug/kg
intraperitoneal injection of CVF 24 hr before grafting and thereafter at
a dose of 250 ug/kg on days 1, 3, 5, and 7 after implantation (given that
complement activity returns to normal despite continued CVF admin-
istration) (see Results and Fig. 5).

In the graft study, all rats were tail-bled just before CVF administra-
tion and/or grafting and 5 and 10 d after implantation. The serum was
analyzed for CH50 activity as well as for circulating antibody levels (see
above).

Histochemistry

At the end of the experiment the animals were killed by a lethal injection
of sodium pentobarbitone (Sagatal, May and Baker) and perfused
through the left ventricle with 150 ml prewash (0.1 m PBS, pH 7.4)
followed by 600 ml of 4% paraformaldehyde in PBS. The brains were
then post-fixed for 4 hr in 4% paraformaldehyde and transferred to 25%
sucrose made up in PBS until they sank. Sections were then cut on a
sledge microtome (usually 60 pwm) from the anterior margin of the corpus
callosum to the pons, and six parallel series were collected in 0.1 M
Tris-buffered saline, pH 7.4. One series was mounted onto glass slides
and stained with cresyl violet; other series were stained for TH (poly-
clonal, 1:4000; Jacques Boy), pig-specific neurofilament (monoclonal,
1:500; Dr. Luis Soriano, Paris, France), CD8+ cells (monoclonal, 1:500;
Serotec), Complement C3 (monoclonal, 1:500; Serotec), ED-1 (mono-
clonal, 1:500;), and rat-specific IgM (monoclonal, 1:200; Serotec) using
standardized protocols and biotinylated goat anti-rabbit or rat adsorbed
biotinylated goat anti-mouse Ig (Dako, Glostrup, Denmark) (Barker et
al., 1995).

Graft volume and cell numbers

Cell counts were made of TH-positive cells in the grafts in experiment 1,
and total numbers were estimated using the Abercrombie correction
factor. The volume of the graft was also calculated for both cresyl violet
histochemistry and pig neurofilament immunostaining using an image
analysis package and scaling for section thickness and sampling fre-
quency (1:6) in experiments 1 and 3 (Seescan, Cambridge, UK).

Cellular infiltrate

The extent of the CD8 and EDI1 cellular infiltrate in experiment 3 was
done blinded by an independent investigator using a scoring system in
which the extent of the infiltrate was 0 = none, 1 = sparse numbers of
cells present, 2 = significant cellular infiltrate, and 3 = florid cellular
infiltrate. IgM immunoreactivity in and around the graft was graded
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Figure 1. Cresyl violet of sham, isografts, and xenografts. a, Five-day-old
isograft with a sham graft in the contralateral striatum that is seen as a
small scar-like structure. b—d, Over the ensuing 30 d, the isograft increases
slightly in volume but with no increase in cellularity. b, Ten-day-old
isograft; ¢, 21-d-old isograft with sham graft in contralateral striatum; d,
35-d-old isograft with sham graft in contralateral striatum; e, 5-d-old
xenograft with hypercellularity already apparent in graft; f, 10-d-old
xenograft in which the graft has expanded in size and increased cellularity
is maintained. g, At 21 d there is necrosis within the graft, and by 35 d (%)
the graft has been lost and a small gliotic scar is left. Scale bar, 1 mm.

using a similar scoring system in which 0 = no immunoreactivity and 3 =
florid throughout the graft.

Data analysis

Data were analyzed by ANOVA, using the Genstat 5.3 statistical package
(AFRC, Rothamstead, UK), with Newman-Keuls test for post hoc com-
parisons. The Mann-Whitney ¢ test was used for the nonparametric
analysis of CD8 and ED1 immunoreactivity scores, because of consider-
able heterogeneity of variance of these conditions.

RESULTS

Experiment 1: the immunohistochemical
characterization of the rejection profile of porcine

VM xenografts

Graft size and morphology

The sham control animals received no tissue grafts, but the
needle track was seen in these animals (Fig. 1). Isografted animals
all had surviving grafts, which were ~1 mm? in volume and did
not change significantly in volume over time (Figs. 1,a—d, 2) (F5
= 1.70; NS). In contrast, although all xenografted animals had
identifiable grafts, their volumes changed dramatically over time
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Figure 2. Volume of isografts and xenografts with time. Cresyl violet: Isografts increase slightly in volume over the first 3 weeks and thereafter remain
stable. In contrast, xenografts show a dramatic increase in volume that then declines as the grafts are lost such that at 35 d they are of comparable size
to allografts, although they show much greater variability (mean = SEM). Neurofilament: Xenograft volumes using pig-specific neurofilament staining
show a pattern similar to that seen with cresyl violet, implying that the increase in graft volume is not simply the consequence of an inflammatory infiltrate
(mean = SEM). TH-neurons: The number of TH-positive neurons in isografts remains constant over time, whereas xenografts have variable numbers
of TH-positive neurons at the early time points that disappear as the graft is lost to the rejection process (mean = SEM). Black columns represent
xenografts; light gray columns represent isografts. a—d, Pig-specific neurofilament staining of the xenografts. a, A 5-d-old xenograft with neurofilament
staining within it that (b) increases and becomes more intense at 10 d. ¢, It is still present at 21 d after implantation, but there is no significant penetration
of the fibers into the host striatum (inset). However, neurofilament-positive fibers emerging from the graft can follow white matter tracts such as the
corpus callosum (d). By 35 d there is no neurofilament staining because the graft is lost (data not shown). e-i, TH immunohistochemistry of isografts
and xenografts. Intense TH staining within isografts is seen at (¢) 10 d and (f) 21 d after implantation. By this final time point the typical peripheral
distribution of TH cell bodies is seen with fiber outgrowth into the host striatum (/). g, In contrast, 10-d-old xenografts show less intense staining with
only a few TH cell bodies being identified (i). Scale bar (shown in d): a—c, 250 wm; d, 100 pm; e-g, 0.5 mm; 4, i, 200 wm.

(Fig. 2, Cresyl violet) (F;;5 = 5.08; p < 0.05). At 5 d after of the inflammatory infiltrate, because pig-specific neurofilament
transplantation the grafts were small and “pencil-like” (Fig. le), staining shows fibers throughout the expanded graft mass (Fig.
but by 10 d they had increased in size (Fig. 1f). At 21 d, cavitation 2a—d). Furthermore, the measurement of graft volume with this
within the graft was apparent (Fig. 1g). Thereafter the grafts got marker gave statistically significant differences between time
smaller as they were rejected (Fig. 14). points, similar to that seen with the basic histological stain (Fig. 2,

The increase in size of the graft was not simply a consequence Neurofilament) (F5 ;5 = 23.96; p < 0.001). At later time points, the
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graft volumes are smaller using neurofilament staining as op-
posed to cresyl violet as the graft is rejected.

TH-positive neurons were found in all isografts, and the num-
ber of such cells remained constant throughout the time course of
the study (Fig. 2, TH-neurons) (F5,, = 0.38; NS). The mean
number of TH-positive cells overall for the isografted animals
was 1510 = 284 cells. These cells at all time points showed intense
TH staining with fiber outgrowth into the host striatum (Fig.
2e-i). In contrast, the number of TH-positive cells varied over
time in the xenografted animals, although this change did not
reach statistical significance because of the large variability be-
tween animals at any one time (F5 ;5 = 2.67; NS). At 5 d, a large
number of TH-positive cells were identified, although they dem-
onstrated faint staining with limited fiber outgrowth. By 10 d, the
number of TH cells within the grafts had increased, although they
varied greatly from animal to animal, ranging from 402 to 12,480,
depending on the degree to which the graft was being rejected.
The cells stained faintly for TH and had only limited fiber
outgrowth that was entirely confined to the graft (Fig. 2g,i), with
no observable outgrowth of fibers into the host brain. In contrast,
pig-specific neurofilament staining at these time points demon-
strated fiber outgrowth from the graft that was most noticeable
along the corpus callosum where fibers extended several millime-
ters (Fig. 2d), although fiber outgrowth from the graft into the
host striatum was not seen (Fig. 2¢). At 20 and 35 d, no TH cells
were seen in xenografts even when the grafts stained positively
for neurofilament (Fig. 2c), suggesting that TH expression was
lost before the final rejection of the graft.

Cellular immune response to the graft

Sham grafts elicited a small nonspecific CD8-positive cell re-
sponse at 5 d, but subsequently no lymphocytes were seen at the
implantation site. Isografts similarly induced little cellular re-
sponse at any time point, with only sparse CD8-positive cells seen
at all time points (Fig. 3e), which was not particularly perivascular
in its distribution.

Xenografts, on the other hand, induced a marked CD8-positive
cellular response that was present at all time points. This re-
sponse probably represented predominantly T-lymphocytes, al-
though rat natural killer cells and macrophages could not be
excluded given that they can express CD8. At 5 after grafting, the
xenografts contained limited numbers of CD8+ cells, which were
perivascular in their distribution and streaming into the graft
(Fig. 3a). This infiltrate increased over the next 2 weeks such that
the grafts were heavily infiltrated by these cells at both 10 and
21 d after implantation (Fig. 3b,c). By 35 d after implantation, the
number of CD8+ cells had decreased as the grafts were under-
going the last stages of rejection and forming a scar (Fig. 3d).

Complement and IgM binding within and around the graft
Neither sham nor isografts induced any specific IgM or comple-
ment response from the host at any time points (Fig. 3j,0). By
contrast, 5 d after transplantation of the xenograft, there was IgM
and C3 binding in or around the grafts (Fig. 3f,k), which increased
such that by 10 d, florid IgM and C3 staining had developed both
around and within the grafts (Fig. 3g,/). This binding was specif-
ically on elements within the graft (Fig. 3k, inset). By 21 and 35 d,
complement staining remained largely within and immediately
around the grafts, whereas the IgM response had became more
diffuse (Fig. 3h,im,n).
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Rotational behavior

Xenografted animals did not show a significant reduction in
amphetamine-induced rotation compared with control, in con-
trast to isografted animals (Fig. 4) (groups X time interaction;
Fg 57 = 8.55; p < 0.001). In the isografted animals, a reduction in
rotation from the pretransplantation baseline was already appar-
ent at the first test, 10 d after implantation. Thereafter there was
a further reduction, with apparent overcompensation in some
animals by day 35. Sham injected animals did not receive
6-OHDA lesions and so were not subjected to drug-induced
rotation.

Experiment 2: the systemic antibody response to
porcine VM xenografts

Peripheral grafting of pig lymphocytes or embryonic pig VM
tissue is known to induce a systemic antibody response (A.
Richards, unpublished data). In contrast, intracerebral injections
of porcine lymphocytes or VM tissue produced no measurable
rise in either the total levels of IgMk or the degree of lysis of
porcine red blood cells up to 10 d after implantation (data not
shown).

Experiment 3: the effects of complement depletion on
the rejection profile of porcine VM xenografts

Systemic cobra venom factor treatment and

complement depletion

The systemic administration of CVF fully depleted the rat of
complement activity for only 7 d (Fig. 5). Thereafter the level of
complement activity increased and returned to pre-CVF levels,
although CVF continued to be injected every other day through-
out this period. Thus grafted animals received CVF treatment
from —1 to day 7 after implantation, and the CH50 assay con-
firmed that these animals had depleted complement activity 5 d
after grafting (data not shown).

Cellular infiltrate

The cellular infiltrate was assessed semiquantitatively using a
predominant lymphocyte marker (CD8) and a macrophage/mi-
croglia marker (ED1) (see Materials and Methods). CD8-positive
cells were seen in the majority of grafts, and although overall
there was no significant difference caused by the relatively small
numbers of animals (day X treatment interaction F, ;, = 2.87;
NS), a trend was apparent at the earlier time point. At 10 d after
implantation, there was a difference in the CDS infiltrate that
reached significance using a more restricted nonparametric anal-
ysis (Fig. 6; Uy, = 2.00, p < 0.05). Those animals receiving CVF
had a greatly reduced CD8 cell infiltrate, especially when com-
pared with those receiving no CVF (Fig. 6a,e), an effect that had
disappeared by 21 d (Fig. 6b.f; U, = 11.50, NS).

The number of ED1-positive cells showed a pattern similar to
the CDS infiltrate, although the magnitude of the effect was less
(Fig. 6¢,d.g,h; Fy 16 = 2.12, NS). However, the ED1 response was
more intense in all animals at both 10 and 21 d compared with
that seen for the CDS infiltrate (Fig. 6).

Immunoglobulin/complement response

The grafts induced an IgM response that tended to be slightly less
in the CVF-treated animals compared with those that received
none at earlier time points, but did not reach statistical signifi-
cance (Fig. 6) (FF; ;5 = 1.09; NS). The difference in IgM deposi-
tion was much less than that seen with the cellular markers.
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a-e, CDS staining in xenografts and isografts. a, Five-day-old xenografts contain a few CD8+ cells and by (b) 10 d the staining is intense and

extends outside the borders of the graft. ¢, It is still present at 21 d after implantation, although it wanes as the graft is lost such that (d) by 35 d only
a few CD8+ cells are seen scattered around the site of the original graft. e, In contrast, a 10-d-old isograft has no CD8+ cells within it. f~j, Complement
(C3) staining in isografts and xenografts. f, There is minimal complement staining in the xenograft at 5 d after implantation. In contrast (g) there is clear
staining in and around the graft at 10 d that (/) persists at day 21 and is more clearly seen at higher power (inset). i, By day 35 the staining has become
less intense as the graft is rejected. j, In contrast, 10-d-old isografts have no such complement binding. k-0, Rat-specific IgM staining in isografts and
xenografts. k, There is some IgM staining in the xenograft at 5 d after implantation. /, By 10 d it has become more apparent and is around and within
the graft. m, At 21 d the staining is diffuse and involves the whole hemisphere, (7) a pattern of staining that is also seen at 35 d. o, In contrast, a 10-d-old
isograft induces no such IgM binding. Scale bar (shown in 0): a-e, 0.5 mm; f~o0, 1 mm.

C3 staining showed an absence of staining at 10 d in all animals
receiving CVF, but by 21 d they all exhibited C3 staining within
the graft as had been shown in experiment 1 (not shown).

Graft volume

The volume of the grafted tissue was assessed using a routine
histological stain (Fig. 7a, Cresyl Violet) and pig-specific neuro-
filament to assess the neuronal component of the graft as for
experiment 1 (Fig. 7b). In addition, an index of the approximate
inflammatory infiltrate was obtained by subtracting the graft
volume using neurofilament from that obtained using cresyl violet
(Fig. 7c). Cresyl violet will stain all the cells within the graft mass,
whereas the neurofilament will only label the pig neurons and this

latter volume will therefore always be less than that obtained
using cresyl violet. The difference between this two measures of
graft volume gives an approximate measure of the inflammatory
infiltrate, assuming that animals in both groups (i.e., CVF and
non-CVF treated) contain the same numbers of glial cells, which
would be a reasonable assumption given the common source of
tissue for grafting.

The graft volumes varied according to the administration of the
CVF, although the differences did not reach statistical signifi-
cance using either cresyl violet or pig-specific neurofilament to
define volume (treatment X time interaction; cresyl violet F; ;4 =
0.56, neurofilament F; ;, = 0.48,cellular infiltrate F, ;, = 2.87; all
NS). The early administration of CVF tended to reduce the
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Figure 4. Met-amphetamine-induced rotation in isografted, xe-
nografted, and lesion only animals before and after transplantation show-
ing a significant reduction in rotation in isografted animals only (mean *
SEM). Sham-grafted animals did not receive 6-OHDA lesions so were not
subjected to drug-induced rotation. White squares, Lesion only; gray circle,
isografted animals; black square, xenografted animals.
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Figure 5.  Complement depletion with cobra venom factor treatment at a
dose of 500 pg/kg intraperitoneally at day 0 and thereafter at a dose of
250 pg/kg on days 2, 4, 6, 8, 10, and 12. Complement hemolytic activity
was measured through lysis of sheep erythrocytes sensitized with IgM
antibody and represented relative to a control value of 100% (mean
+ SEM).

overall volume of the graft at 10 d, whereas the volume of
neurofilament-positive tissue remained constant across grafted
groups. This suggests that there may be smaller grafts with early
CVF administration and that this may represent a reduction in
the extent of the inflammatory infiltrate, which is supported by a
more detailed analysis of the cellular infiltrate (see above).

At 21 d the animals with grafts and no CVF had largely been
rejected, although the extent to which this had been completed
was variable, as was seen in experiment 1. The CVF-treated
animals now had graft volumes comparable to that seen in the
nontreated group, although the extent of the “cellular infiltrate”
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was greater in the CV F-treated animals, implying that there may
be a delay in the rejection process.

All grafts had few TH-positive cells within them, and most of
these were poorly visualized as a consequence of the rejection
process. Therefore, no accurate quantification of the number of
TH-positive cells within the grafts was possible in this
experiment.

Drug-induced rotation

All animals had a significant rotational response to 2.5 mg/kg
met-amphetamine after unilateral 6-OHDA of the right nigro-
striatal bundle. However, none of the xenografted animals
showed a significant reduction in rotation over the 21 d of the
study (F,,5 = 5.06, NS).

DISCUSSION

This study has shown that porcine VM xenotransplants are re-
jected in the nonimmunosuppressed 6-OHDA rat model of PD
over a 35 d period and that this rejection process involves com-
plement activation. The earliest immunological changes were
already present at 5 d after implantation and consisted of a CD8
cellular infiltrate, which by 10 d had increased in intensity and was
associated with IgM and complement deposition within and
around the graft. The combined humoral and CDS response then
paralleled graft rejection over the subsequent 2-3 weeks. Sys-
temic CVF treatment was used to achieve a limited period of
complement depletion and altered the temporal pattern of the
cellular neural xenograft rejection process, although it did not
prevent it. The evidence for this comes not only from specific
immunostains for subsets of inflammatory cells but also from the
overall reduction in the total volume of the graft in the absence of
any change in the neurofilament component within it. We have
also shown that the rejection of porcine neural xenografts does
not produce a measurable systemic antibody response, despite
IgM binding within the graft. This may be because the change is
too small to be detected by the assays that we used, or alterna-
tively there is a delay in the antibody response such that it is not
apparent at 10 d after grafting. Certainly embryonic porcine
neural tissue, as well as porcine lymphocytes, can provoke a
measurable systemic antibody response when placed peripherally
into the peritoneal cavity of rats (A. Richards, unpublished data).

Previous studies on the rejection of neural xenografts have
concentrated on the cellular aspect of the process and shown that
in the immediate period after implantation there is a nonspecific
polymorphonuclear lymphocytic infiltrate that disappears within
5 d and is replaced by a T-cell infiltrate that is present until the
graft is lost (Mason et al., 1986; Kohsaka et al., 1989; Finsen et al.,
1990; Pollack et al., 1990; Duan et al., 1995). This T-cell infiltrate
coincides with increased major histocompatability (M HC) class 11
antigen expression and the activation of microglia and reaches a
peak at ~14 d, after which the response wanes as the graft is lost.
The process can be modified by various immunosuppressive re-
gimes (Brundin et al., 1985; Inoue et al., 1985; Finsen et al., 1988,
1990; Brundin et al., 1989; Sakei et al., 1991; Zhou et al., 1993;
Pakzaban et al., 1995; Duan et al., 1996; Okura et al., 1997a,b),
although in all cases some grafts are still lost unless the animal is
immature at the time of implantation (Marion et al., 1990). The
reason for the immunosuppressive therapy failing to prevent
rejection in some cases is not known, but a central role for the
T-lymphocyte seems likely, given that the use of specific antibod-
ies to CD4-positive lymphocytes or the IL-2 receptor has proven
more successful (Honey et al., 1990; Wood et al., 1996).
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Figure 6. The relative infiltration of CD8-positive cells, ED1-positive macrophages/microglia, and IgM binding at days 10 and 21 after implantation in
animals receiving CVF compared with those that received none. There is a significant lack of CD8-positive cells at 10 d in those animals treated with
CVF, and although ED1-positive cells showed a similar pattern, this did not reach statistical significance. By 21 d there was no difference between those
animals receiving and not receiving CVF. With respect to IgM, although there is a slight tendency for less [gM binding in those animals receiving CVF,
this was a marginal effect and less than that seen for the cellular infiltration and microglia/macrophage activation response. The boxed plot represents
the median value and 75% confidence limits, with the bars representing 95% confidence limits for the data. Gray, No CVF; white, CVF. a-h, CD8 and
ED1 staining of xenografts with and without CVF treatment. a, Ten-day-old xenografts contain a dense CD8 infiltrate that is also (b) seen at day 21
after implantation. ¢, ED1 staining of 10-d-old xenografts shows a marked microglia reaction and/or macrophage infiltration in the graft, which (d)
persists and is still clearly visible at day 21 after implantation. e, In contrast, animals receiving CVF have a greatly reduced CDS infiltrate at 10 d after
grafting, although (f) by day 21 the infiltrate is similar to that seen in the control, no CV F-treated animals. g, CV F-treated animals also had a less marked
EDI1 response at 10 d after grafting, although the reduction is less than that seen for CDS staining. /1, By day 21 the response is more marked and similar
to that seen in the control, no CVF-treated animals.

A role for non-T-cell-mediated processes in the rejection of
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Furthermore, fresh embryonic porcine neural tissue can be lysed in
a complement-dependent fashion by both primate and human sera
(Deacon et al., 1998; Sumitran et al., 1999), although the antigen to
which the antibody binds is not solely Gal-al,3—Gal (Sumitran et
al., 1999), the major epitope responsible for the hyperacute rejec-
tion of peripheral vascularized whole organ xenografts. Indeed a
role for humoral processes in the rejection of neural xenografts in
situ has now been demonstrated with Ig knockout (IgKO) mice by
Larsson et al. (1999). In their study, porcine neural xenografts
placed in the IgKO mice survive for longer periods than grafts
placed in the normal, wild-type mouse (Larsson et al., 1999).

Our study, although supporting earlier studies on the T-cell
response to xenografted neural tissue, specifically demonstrates
for the first time that the cellular infiltration is accompanied by a
humoral response and that inhibiting complement reduces the
cellular rejection response, similar to that reported for porcine
islet cell xenografts. CVF that leads to the consumption of
complement and thus its depletion (Vogel, 1992) was given as
repeated doses in our rats and led to a substantial reduction in
complement activity for 7 d, after which repeated administration
failed to produced any further reduction. The gradual restoration
of normal complement levels despite repeated CVF administra-
tion probably results from the development of antibodies to CVF.
As a result, only a limited period of complement depletion could
be guaranteed. Previously, this approach has been undertaken
with pig to rat xenografts of islet cells and has shown that even
short-term treatment with CVF can delay the rejection of these
grafts (Oberholzer et al., 1999) by reducing the CD4- and CDS-
positive cellular infiltrate within the graft. These cells may rep-
resent macrophages as opposed to lymphocytes (Wallgren et al.,
1995), which in turn may be mediating rejection through comple-
ment or antibody binding to the surface of the grafted cells.
Indeed, rat to mouse islet cell grafts have been shown to have
IgM and C3 deposition on the grafted cells, a situation not seen
with allografts of this tissue (Deng et al., 1994). In our study,
CVF treatment reduced the cellular infiltrate into the grafts, and
the CD8-positive cells were especially affected by this process. In
addition, the number of ED1-positive cells [a marker for rat
macrophages/microglia (see for example Oudega et al., 1999)]
tended also to be less in this group compared with those not
receiving CVF. Other leukocyte markers were looked for but
failed to stain for technical reasons. In contrast, the deposition of
IgM within the grafts was not significantly different in the CVF-
treated animals compared with controls.

The mechanism by which complement contributes to neural
xenograft rejection is unresolved by this study, as is the site of its
synthesis. It is possible that the complement is generated locally
in response to the xenograft, because all components of the
complement cascade are known to exist in the rat brain and to be
activated by a number of stimuli (Morgan and Gasque, 1996). In
this respect the graft may be inducing local, rather than systemic,
complement activation; whatever, the effects of decomplementa-
tion in neural xenograft rejection may be mediated through a
nonspecific effect on the acute inflammatory response, or alter-
natively it may be acting in a more specific fashion by modulating
specific antigen-driven immune responses (Erdei et al., 1991). In
vitro complement has been shown to influence the presentation of
antigen to B- and T-cells (Arvieux et al., 1988) as well as the
T-cell proliferative response to IL-2 (Erdei et al., 1984). It is
therefore possible that in this paradigm complement is important
in triggering leukocyte infiltration (Pratt et al., 1996) and may
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even be important in enhancing the immunogenicity of the xeno-
graft (Dempsey et al., 1996).

This study has important implications in the development of a
clinical program using neural xenografts (Barker et al., 2000).
Previously, neural xenografts were thought to have been lost to a
T-cell-dependent process, and thus CyA, which acts on T-cell
activation, should be an effective immunosuppressant. However,
the survival rate with CyA monotherapy and neural xenografts is
only ~60-70% (Pakzaban and Isacson, 1994), although it can be
improved when CyA is coadministered with other immunosup-
pressive drugs such as azathioprine and steroids (Pedersen et al.,
1995). This implies that more broadly targeted immunotherapy
may be more effective, a view that this paper corroborates by
demonstrating a clear role for complement in the rejection pro-
cess. This perspective is further supported in the clinical domain
by the failure of CyA monotherapy to provide significant graft
survival in a patient with PD receiving a porcine VM xenograft
(Deacon et al., 1997). Indeed, the successful development of
transgenic tissue with regulators of the human complement sys-
tem to ameliorate the hyperacute rejection of vascularized whole
organ transplants (Fodor et al., 1994; Rosengard et al., 1995) may
also be advantageous for neural xenografts.

In summary, therefore, we have demonstrated that porcine VM
grafts placed into the 6-OHDA-lesioned rat do not survive in the
nonimmunosuppressed recipient and this rejection process in-
volves complement activation. However, although the presence of
a complement-mediated process has now been demonstrated, the
relationship of this to other aspects of the rejection process,
especially the T-cell response, awaits clarification.
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